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Abstract 
We present resistive gas responses of tin oxide thin films prepared by large-area pulsed laser deposition. The influence of the 
oxygen background pressure during deposition on the sensor response to CO was investigated. Film properties such as resistance, 
morphology and gas sensing signal of samples deposited under different conditions were examined. Palladium was introduced by 
sputtering of thin layers and subsequent annealing to increase the stability and response to CO in humid background. The sensor’s 
responses to 5-50 ppm CO and 0.5-1 ppm of NO2 were investigated at different operation temperatures and levels of relative 
humidity.  
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of EUROSENSORS 2015. 
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1. Introduction 
Miniaturized resistive gas sensors are an active research topic with various approaches for gas sensitive layers, 
which are mostly deposited onto MEMS-type membrane hotplates [1].  Today metal oxide gas sensitive layers are 
obtained by screen printing or drop coating of thick film materials restricting the possibility of further miniaturization. 
Thin film deposition methods for resistive gas sensor materials allow a batch-processing for mass production and give 
way to further miniaturized sensors. Pulsed laser deposition (PLD) is a promising method for the development of novel 
designed metal oxide layers because it offers options for structural modification by variation of a large range of 
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deposition parameters [2] along with the possibility of stoichiometric deposition of oxides including complex 
compounds [3]. Large-area PLD allows deposition of homogenous thin films on wafer level. SnO2 was selected as a 
standard material for resistive chemical sensing and was further investigated.  
2. Experimental 
We deposited tin oxide films using a commercial PLD system (SolMateS B.V., the Netherlands).  A KrF excimer 
laser is used, operating at a wavelength of 248 nm with a repetition rate of 100 Hz. The target consists out of a sintered 
plate of SnO2 with a diameter of 178 mm, a relative density of around 83% and a purity of 99.99%. During deposition 
both target and substrate are rotated and the laser is scanned. Deposition took place in pure oxygen background and 
in a pressure range of 0.01-0.2 mbar at 300°C substrate temperature. The film thickness was adjusted to 100-140 nm. 
The thickness was found to be pressure-dependent with thinner films for higher pressures under fixed deposition 
conditions. This is explained by an increased interaction of the plasma plume with the gas [4].  
Structured PLD layers were deposited on silicon chips with thermal oxide and with Ti-Pt-based interdigitated 
electrodes for gas measurement tests. The thickness of the thermal oxide was 2.5 μm, the electrode thickness was 
190 nm. Reticles of 15 x 15 mm² with 25 sensor chips of 3 x 3 mm² were inserted into a two-side trenched silicon 
shadow mask of 150 mm diameter for structuring of the sensitive layers [5]. Thin Pd layers of ca. 5 nm thickness were 
deposited on as-deposited SnO2 using dc magnetron sputtering. All layers were subsequently annealed in humid air 
(8% absolute humidity) for 4 h at 400°C.  
Gas measurements were performed in a mixture of nitrogen, oxygen (20%) and different levels of analyte gas in 
nitrogen using a controlled flow of 1000 sccm. To control the relative humidity nitrogen was humidified using a 
washing bottle to 0%, 20% and 40% at 25°C, resulting in 0%, 16% and 32% rel. humidity in synthetic air after mixing 
with dry oxygen. During gas measurements the samples were heated using a hotplate and exposed to the gas using a 
nozzle.   
3. Results and Discussion 
The deposition pressure was found to impact both structural and gas sensing properties of the pure SnO2-films 
significantly. X-ray diffraction (XRD) results show mainly amorphous structure of the as-deposited films with the 
exception of the film deposited at 0.05 mbar, where already SnO2 crystalline peaks can be seen for the as-deposited 
layer. An anneal step subsequent to deposition transfers all layers into a polycrystalline structure with small grains 
with broad XRD-peaks from tetragonal SnO2-phase (figure 1a). The formation of nanocrystalline tin oxide by PLD 
has already been reported earlier in the literature for comparable deposition conditions and annealing steps [6,7]. SEM 
images of layers gave indications that higher oxygen pressures deliver smaller grains and a more porous microstructure 
(figure 1b) which are promising for gas detection [8]. The structural change can be explained by shadowing effects 
during deposition as the formation of nanoclusters is not likely to occur in the used pressure range [2].  
 
Fig. 1.  (a) Post-anneal XRD results for tin oxide films deposited on oxidized silicon wafers, with an oxygen background pressure during 
deposition as indicated in legend. The Si (400)-peak was removed, the narrow peak at 62° is Cu-Kß Si (400). (b) Cross-sectional SEM-images of 
as-deposited (upper images) and post-anneal (lower images) tin oxide films deposited at different oxygen pressures as indicated.  
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The base line resistance of the sensors, when measured in dry synthetic air at an operating temperature of 300°C, 
was varying from 1 k for the gas sensitive layer deposited at 0.01 mbar to 6 M for the one deposited at 0.2 mbar. 
As oxygen vacancies act as donors in tin oxide this rise is due to a higher oxygen incorporation in the film during 
deposition.  
A resistive sensor signal (R0-R)/R of maximum 0.6 to 50 ppm of CO was achieved at 300°C operation temperature 
in dry synthetic air for a maximum deposition pressure of 0.1 mbar [5].  For both deposition pressures of 0.15 mbar 
and 0.2 mbar relative sensor signals of 4 were reached and the post-anneal film morphology was also comparable 
(figure 2a).  The sensor signal follows a power law dependence [9] as the correlation appears linear in the double-
logarithmic plot without saturation in the measured range. In humid background the response was reduced probably 
due to a concurrence of reaction partners on the tin oxide surface by CO and water related species (OH-groups) [10]. 
In humid air the baseline stability was limited, an effect that is often reported for sensors based on pure tin oxide 
measured in wet atmosphere.  
 
 
Fig. 2.  Normalized sensor signal to CO for (a) pure tin oxide and (b) with the addition of Pd, at different humidity levels. (c) Dynamic response 
to a SnO2+Pd film to 5 min pulses of CO in humid air (16% r.h.). All measurements took place at an operation temperature of 300°C. For 32% 
r.h. only up to 40 ppm CO could be measured due to limitations in our measurement set-up. 
We sputtered a thin layer of Pd (ca. 5 nm) on the sensors which did not form a compact and conductive film, as the 
room temperature resistance was comparable with the as-deposited thin film of SnO2 without Pd. This addition of Pd 
by magnetron sputtering and applying the subsequent anneal process as described above led to an increase of both 
stability and sensor response in humid background (figure 2b). Here, the sensor response to CO in 16% r.h. is higher 
than the response in dry air which might be due to an interaction of carbon monoxide with water related species [9]. 
The sensor response and recovery time was quite short with t90 below 2 min to CO exposure in the range of 5-50 ppm 
(figure 2c). We expect, that the dependency of both baseline resistance and sensor signal on humidity can be improved 
by an optimization of the Pd content in the layer. When the SnO2+Pd sensor signal was measured at different operation 
temperatures, an increase of the sensor signal with increasing temperature in the whole measurement temperature 
range up to 375°C was observed in humid air, see figure 3a. For dry synthetic air the sensor response to CO showed 
a maximum at 300°C and decreased for higher operation temperatures.   
The sensor response to two different concentrations of NO2 (0.5 and 1 ppm) was also investigated for the SnO2+Pd 
films. The sensor showed an increase in resistance when exposed to this oxidizing gas so the sensor signal was defined 
to be (R-R0)/R0. The thin films showed a high response to NO2 especially in dry air, e.g. a signal of 150 to 500 ppb at 
200°C, whereas at 32% r.h. the signal was moderate. The settling time for NO2 was comparable with the time for CO 
but the recovery time was very long with more than 10 minutes for T<300°C. Measurements at different operation 
temperatures showed that the response to NO2 is reduced when the sensor is operated at higher temperatures 
(figure 3b), an effect which we observed for all investigated levels of humidity of 0%, 16% and 32% r.h. with the 
absolute number of the sensor signal dependent on the water content.  
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Fig. 3. Temperature dependent sensor signal of SnO2+Pd thin film in humid air (32% r.h.) for two concentrations of CO (a) and NO2 (b). 
4. Conclusions 
Large-area pulsed laser deposition was shown to enable a well-controlled deposition of tin oxide thin films to 
wafers as large as 150 mm in combination with a good morphology control by changing the oxygen background 
pressure during deposition. Tin oxide films deposited at higher oxygen background pressure showed a more porous 
microstructure, higher baseline resistance and an enhanced sensor signal to CO. The sensor signal and baseline 
stability in humid conditions could be improved by magnetron sputtering of palladium onto the tin oxide films. The 
sensors showed a fast signal to CO after an anneal step but also a cross-sensitivity to low levels of NO2. The latter 
could be reduced by increasing the operation temperature for all investigated levels of relative humidity. To further 
improve stability and sensitivity the noble metal content and its distribution in the layer will be optimized. 
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